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TECHNICAL NOTE
Urea measurement by X-ray microanalysis in 50 picoliter
specimens
REINIER BEEUWKES III, JAMES M. AMBERG and Louis ESSANDOH
Department of Physiology, Harvard Medical School, Boston, Massachusetts
Studies of the renal concentrating mechanism
require a method for defining the concentration of
both urea and electrolytes in very small fluid speci-
mens obtained from collecting ducts. Urea in such
samples has been measured in the range from 20 to
100 pmoles using a fluorescence technique [11, and
from 100 to 500 pmoles by absorption spectrophoto-
metry [2]. These methods require several nanoliters
of fluid and many handling steps. The electron probe
microanalyzer can measure electrolyte composition
in samples smaller than 10—10 liters [3—5], but
because it measures only elemental composition, it
has not been useful for defining organic chemical com-
position. We here describe a new method based on
the precipitation of urea by thioxanthen-9-ol from
microdroplets in the 50-p1 range.
Thioxanthen-9-ol was prepared by the reduction of
thioxanthen-9-one with sodium borohydride. Sodium
borohydride (Fisher, 3.80 g, 0.10 mole) was added
gradually to a stirred suspension of thioxanthen-9-
one (Aldrich, 4.23 g, 0.02 mole) in 150 ml of absolute
ethanol. The solution became clear after 90 mm, and
was stirred for a further 90 mm. The solution was
then filtered, passed into 500 ml of water, and refrig-
erated overnight. The white precipitate of thioxan-
then-9-ol was collected by filtration, washed with
water, and dried (yield, 3.6 g, 87%, mp 91°). The
crude product was recrystallized from 150 ml of
cyclohexane, mp 102°, lit. 103° [6]. Since thioxan-
then-9-ol is susceptible to oxidation in light, it was
stored in a sealed brown bottle.
The only quantitative manipulation required was
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the initial volumetric deposition of sample droplets
under oil. The addition of reagents took place simul-
taneously and quantitatively by partition when the
sample support was placed in oil containing these
reagents. After precipitation, excess reagent was
removed by extraction into pure solvent. Electro-
lytes are not removed by these manipulations and
may be measured simultaneously with the added
sulfur in an electron probe X-ray microanalyzer.
Specimen and standard droplets were deposited
under water-saturated oil from siliconized ultra-
micropipets onto the surface of slices of polished
crystal silicon (Semiconductor Processing, Inc.,
Hingham, MA). Using silicon instead of beryllium
supports was more advantageous because of its con-
venient size and shape, low cost, and negligible tox-
icity. A single 5 x 24-mm piece easily held 500
specimens. Before being used, to facilitate relocation
of specimens, a 1.5-mm grid was gently scratched
onto the silicon surface with a diamond scribe. The
slice was cleared of silicon dust by using acetone and
a lint-free cloth; then it was heated to red heat in a
Bunsen flame and air cooled. To provide multiple
crystallization sites on the silicon surface, a very thin
coating of dixanthyl-urea crystals (sulfur-free) was
then applied by spraying a saturated solution onto
the slice with an atomizer.
Dixanthyl-urea was prepared by mixing 200 mg
(one mmole) of xanthydrol (Eastman, P 1559) and 30
mg of urea (0.5 mmole) in 10 ml of 60/40 (volume-to-
volume) acetic acid and methanol. After six hours,
the precipitate was separated by filtration and
washed with ethanol. A saturated solution of dixan-
thyl-urea was prepared in 60/40 volume-to-volume
acetic acid and methanol by addition of 5 mg of the
urea compound to 10 ml of the solvent.
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After pipetting was complete, silicon slices were
placed in a small reaction vessel maintained at 30°C
and immediately covered with a mixture of 2.0 g of
thioxanthen-9-ol saturated oil and 0.3 g of the acetic
acid-methanol saturated oil.
Thioxanthen-9-ol saturated paraffin oil was pre-
pared fresh within 24 hr of use. In 10 g of paraffin oil
(Fisher, 0-119), 50 mg of thioxanthen-9-ol was dis-
solved by heating it to 50°C in a water bath. The
solution was then allowed to stand at room tempera-
ture for several hours, after which excess thioxan-
then-9-ol was removed by centrifugation, and the oil
cleared of suspended crystals by filtration through a
2-gm membrane filter (Millipore). Paraffin oil satu
rated with 90/10 (volume-to-volume) acetic acid and
methanol was prepared by addition of 1 ml of the
mixture to 9 ml of oil, gentle shaking, and centrifuga-
tion. The product was stable in a sealed container.
The reaction vessel was made by forming a 5-mm
high bead of silicone rubber (GE, RTV-108) around a
1.5 x 3.5-cm area on a microscope slide. A 22 x 40-
mm cover slip was placed over the bead, and the
rubber was allowed to cure, after which the cover
slip was removed. A coverslip was placed over the
vessel during the reaction. In specimens of high urea
concentration, small white crystals of precipitate
were observed to form and deposit on the silicon
surface within 10 mm. The reaction was complete
after one hour. The silicon was then removed from
the vessel, rinsed in m-xylene for 30 sec, and sup-
ported on end to dry in air. A photomicrograph of
specimens ready for analysis (Fig. 1) shows them to
consist of thin uniform distributions of small crystals.
Rinsing in m-xylene removed the oil layer and
extracted unreacted thioxanthen-9-ol from the drop-
lets, which were not displaced during the process
[5]. The dried specimens were analyzed using an
electron probe (Cameca MS 46) with a 20-kiloelec-
tron volt, 200 na beam. The beam diameter was set
to cover the largest spot (generally 80 to 100 gm). In
these experiments, chlorine, sulfur, and potassium
were analyzed by using pentaerythritol crystals
(PET), and sodium was analyzed by using a potas-
sium acid pthalate crystal (KAP). All elements were
measured simultaneously. Backgrounds were mea-
sured on the clean silicon beside each specimen.
A typical standard curve for urea is shown in
Figure 2. In 5O-pl samples, good linearity between
sulfur counts and urea concentration was maintained
from 10 to 400 mM. The signal equalled the back-
ground (39 counts/lO sec) at 0.5 pmole, i.e., 10 m in
a 50-p1 specimen. At 200 m, the signal/background
ratio was 25 to 1. The standard deviation of replicate
analysis varied between 10% at 10 m, and 3% at
200 m'i. Urea loss to the covering oil was tested by
pipetting six replications of each of three standard
solutions, waiting one hour, pipetting a second set,
waiting a second hour, then pipetting a final set
immediately preceding the precipitation reaction.
Within each standard group, the counting rate did
not differ significantly as a function of time elapsed
before reaction (Table 1).
Duplicate analyses were performed on a series of
diluted rat urines to compare this new technique with
a standard spectrophotometric method for urea using
diacetyl monoxime and thiosemicarbazide as chrom-
ogens [7]. Good agreement between the two meth-
ods was observed (Table 2). No correction was made
here for urinary sulfate concentration, which may
have been the cause of the slightly higher values
observed with the ultramicro method. The analysis
of standard solutions containing sodium and potas-
sium chloride in addition to urea showed that the
method was able to determine both electrolyte corn-
posistion and urea concentration in the same micro-
droplets. Standard curves for sodium, chloride, and
urea, measured simultaneously in 40-pl specimens,
are presented in Figure 3. In tests for interferences,
neither ammonium ion nor creatinine in physiologic
concentrations altered the standard curve for urea.
In additional trials, the sulfur in the urea product was
found to be readily detected using a scanning elec-
tron microscope equipped with an energy dispersive
detector, although the peak-to-background ratio was
relatively low. The sodium in mixed standards could
not be detected using this approach, however, which
indicated the need for a diffractive spectrometer if
complete analysis was to be obtained.
In this ultra-micro assay, it was desired to precipi-
tate urea with a reagent containing a distinctive ele-
ment of high enough atomic number to allow its
detection either by diffractive X-ray analysis or by
the energy dispersive (Si-Li) detectors commonly
used with scanning electron microscopes. This was
achieved. Xanthen-9-ol (xanthydrol) has long been
known for its ability to precipitate urea from acetic
acid-methanol solutions [8]. Thioxanthen-9-ol, its
sulfur analog, apparently reacted identically, provid-
ing an element readily measured by X-ray analysis,
and forming a precipitate insoluble in both aqueous
and nonpolar solvents. The precipitate had to be
firmly deposited as a thin, uniform layer. If the pre-
cipitate had been thick the incident beam could not
have penetrated, and generated X-rays would have
been absorbed. The reaction conditions described
were adjusted to give crystals of small size. Because
the polished silicon surface was poor at initiating
crystal formation, it was pre-coated with the nonsul-
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Fig. 1. Photomicrograph of precipitates ready fUr analysis. Each vertical column contains the products of six replicate analyses of 50-pl
aliquots of a single standard solution. Solutions were prepared by dilution of a stock standard containing urea (200mM), sodium chloride (50
mM), potassium chloride (50 mM), and mercuric chloride (1 mM). Urea concentrations are (from left) 10, 25, 50, 75, 100, 150, and 200 mM.
Each precipitate spot is about I O0irm in diameter. The standard curve derived from electron probe analysis of these precipitates is shown in
Figure 2.
Urea Concentration
Fig. 2. Standard curve fUr urea derived from precipitates shown in
Figure 1. Each point is the mean counts per sec SD (background
subtracted) derived from 10-sec counts on six replicate analyses of
a single standard solution. The picomole scale is based on the
measured pipet volume of 50 p1.
Table 1. Counting rates observed on urea specimens after
immediate and delayed precipitationa
Urea, mM
Time delay, hr
0 1 2
50 173 32 161 25 191 21
100 430 28 454 II 464 20
200 985 97 1089 71 1086 65
a To test for loss of urea, 411-pl specimens of each of three
standard urea solutions were pipetted under oil 2, 1, and 0 hr
before beginning the precipitation reaction. Each of the resulting
precipitates was counted for 10 sec and the mean s (back-
ground subtracted) of the counts recorded in each group is shown
io in the table. No decline in counting rate was observed as a function
—' of time.
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fur analog of the reaction product to create multiple
sites for crystallization. This necessary step also pro-
moted the formation of small salt crystals and elimi-
nated the need for freeze-drying [4, 5].
The problem of reagent addition and removal was
solved by manipulating all reagents by partition from
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paraffin oil. When oil-containing reagents come in
contact with an aqueous droplet, the reagents diffuse
into the droplet until a stable equilibrium is reached,
defined by partition coefficients. Thus, no pipetting
of reagents was necessary, and conditions from drop
to drop were uniform. As the reaction proceeded,
thioxanthen-9-ol was precipitated, and more
Table 2. Urea concentration in diluted rat urines as determined
by the electron probe assay and by a standard photometric
methoda
Difference
Probe, mM Photometer, ,ni %
25±3 25 0
36±3 37 —3
72±8 68 +6
117 3 104 +13
133±5 124 +7
a Rat urines were diluted by factors of 6 to 24 before analysis.
Each probe datum is the mean SD of six replicate analyses of
4O-pl aliquots. Photometric measurements are the means of dupli-
cate determinations on 35p3 aliquots using diacetyl monoxime
and thiosemicarbazide [7].
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reagents partitioned into the droplet to maintain the
equilibrium. The amount of reagent in the oil was
effectively infinite compared to that removed by the
reaction, so that it was impossible to deplete the
reagent source. Excess reagent was removed by the
same principle. This method of handling reagents
afforded many advantages compared to other ultram-
icromethods. Only one step was required to treat 200
specimens, compared to the several steps required
for each sample in a typical photometric assay.
The largest potential source of error in this analy-
sis was the presence of endogenous sulfur, which,
regardless of chemical form, will be detected by X-
ray microanalysis. Urine typically contains about 20
m sulfate, together with 100 to 1000 m urea. In
this assay, about two moles of new sulfur was found
to be added per mole of urea, so that under most
conditions endogenous sulfur is unlikely to cause
serious errors. If greater precision is required, dupli-
cate sulfur readings on reacted and unreacted or
urease-treated samples can be used. At plasma con-
centration (5 m or less) the reaction was found to
120
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Fig. 3. Standard curves obstained simultaneously for urea, sodium, potassium, and chloride.
Each point is the mean counts per sec (background subtracted) derived from 60-sec counts on
six replicate 40-pl specimens of a single mixed standard. For consistency, least squares linear
regression lines are shown for each substance, although the sodium-counting rate would be
better fit by an exponential function (see text).
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be unreliable, but since relatively large blood sam-
ples are usually available, standard clinical methods
are certainly more appropriate.
Because this assay used organic reagents only,
dissolved in organic solvents, electrolytes were nei-
ther added nor removed during the assay procedure.
Thus, it was possible to measure salts and urea
simultaneously in the same samples. Standard
curves for potassium and chlorine were excellent and
linear, but sodium counting rates typically deviated
from linearity. This was expected, since as the
amount of solute in the specimens increased, X-rays
from the interior of the dried deposit had to pass
through an increasing amount of mass before enter-
ing the spectrometer. Sodium X-rays, having low
energy, were more readily absorbed in this passage
than those of elements having a higher atomic num-
ber. This effect is seen in Figure 3, where the true
sodium curve rises from the origin with progressively
decreasing slope. For quantitative work, it is thus
important to choose standards whose total composi-
tion is similar to that of the unknowns, so that the
absorption effect will also be similar. The standards
used here were chosen to follow the parallel changes
in urine salt and urea concentrations, as rats on a
constant diet were shifted from water diuresis to
hydropenia. For other protocols, other standards
may be more appropriate.
This new method appears to combine higher sensi-
tivity for urea than previously reported, with the
capability for simultaneous electrolyte analysis. The
measurement may be performed in either a conven-
tional electron probe, or in a scanning electron
microscope equipped with an energy dispersive X-
ray detector. The demonstrated sensitivity in small
volumes indicates that 10-pl specimens of renal col-
lecting fluid can be analyzed after dilution to five
times their original volume. The technique of reagent
addition by partition reduces the quantitative proce-
dures to a single step for each determination, and
may prove of value in many microchemical
techniques.
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